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Abstract 

In the discussed model, the cold dark matter consists of Dirac spin-1/2 fermions, 
sterile from all Standard Model charges, where masses are generated by a nonzero 
vacuum expectation value of a field of scalar bosons, also assumed to be sterile. For 
convenience, these sterile particles have beeen called sterinos and sterons, respec- 
tively. It has been conjectured that our sterile world of sterinos and sterons can 
communicate with the familiar Standard Model world not only through gravity, but 
also through a photonic portal provided by a very weak effective interaction involv- 
ing the electromagnetic field F^ v = d^Ay — d u A^ coupled to the sterino and steron 
fields. 
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1. Introduction 

In a recent paper [1] we have proposed a simple model for cold dark matter consisting 
of spin-1/2 fermions, sterile from all Standard Model charges, where masses are generated 
by a nonzero vacuum expectation value of a field of scalar bosons, also assumed to be 
sterile. We have conjectured that, after the electroweak symmetry is broken, the fields of 
these sterile particles, ip and <p respectively, interact with the electromagnetic field = 
d^A u — dyA^ through a photonic portal provided by the very weak effective interaction 

where M is a very large mass scale, while / and /' are unknown dimensionless coupling 
constants. Besides, ip and ip fields interact gravitationally, as well as participate in the 
mass-generating Higgs-type coupling 

-$Yi(><p + ^V- with <V 9> vac ^0 (2) 

(if there are more generations of ip fermions, then Y is a constant matrix). Here, the 
physical scalar field is identified with <^ ph = ip — <(/?> vac . We will assume tentatively 
that ip particles are Dirac fermions. Note that the third term —f"/M 2 {ip<j ilv i\)){ip(j liV il)) 
might be introduced into the effective interaction (1), suggesting then a kind of sterile 
universality, where it would be natural to put /:/':/" = 1 : 2 : 1. For convenience, we 
have called ip and ip sterile particles sterinos and sterons, respectiverjQ 

It is not difficult to see that the effective interaction (1), when added to the electro- 
magnetic Lagrangian —(1/4) F^ u F^ u — j^A^, leads to the following electromagnetic field 
equation: 

d u F^ = -(f + 5f) , (3) 

where the additional current 



p[fipF^+ l -f$a^ 



(4) 



*A natural alternative for the photonic portal to the sterile world my be a Higgs portal provided by 
a very weak direct interaction between Standard Model Higgs bosons and some sterile scalars (called in 
our case sterons) causing a mixing of both (c/. Ref. [2] for a recent discussion including the Sommerfeld 
corrections to this interaction). 
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is a quasi-magnetic correction to the Standard Model electromagnetic current j^, induced 
by the photonic effective interaction (1). For this correction we get <9 M j M = identi- 
cally, while the local conservation equation d^j^ = holds dynamically. So, the effective 
interaction (1) providing our photonic portal is a quasi-magnetic interaction. 

The particle models, where beside the Standard Model sector there exists a sterile 
sector interacting through new forces with itself as well as with the Standard Model 
sector, have been called Hidden Valley models [3]. Our model of sterinos and sterons 
interacting very weakly through the photonic portal provided by a new quasi-magnetic 
force is a natural specific realization within such a class of models. In this option, photons 
are common elements which link (very weakly) both sectors: sterile Hidden Valley and 
active Standard Model. This happens, of course, after the electroweak symmetry is broken 
and photons emerge. 

Now, let us consider the simple annihilation and decay channels for sterons and steri- 
nos, and present the formulae for corresponding cross-sections and rates. 

The simplest annihilation channel for a physical steron pair and decay channel for a 
single physical steron are 



respectively. From the interaction (1) we can derive respectively the following formulae 
for the corresponding total cross section (multiplied by the relative velocity) and total 
rate [1]: 



(steron) (steron) ^77 



(5) 



and 



(steron) — > 7 7 , 



(6) 





in the steron pair centre-of-mass frame, and 





at rest of steron: u; stn = m stn , where uj stn = 
steron energy and velocity. 



VftL + m L and v. 



'stn = 



IPstnlMtn are the 
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The more complicated annihilation channel 



(steron) (steron) — > e + e 7 (9) 

and decay channel 

(steron) — * e + e~ 7 (10) 
get respectively the total cross-section [1] 

<r(stn stn -> e + e 7) 2v stn = ^-^ ^-j ^ s 2 tn (11) 
in the centre-of-mass frame, and the total rate [1] 

r (tn-« + «-7) = j^(^=)'<4. (12) 

at rest: u st n = m stn , if the electron mass m e can be neglected. Here, the interaction (1) is 
used together with the Standard Model electromagnetic coupling eipe^ipeA^ for electrons 
(e=|e|). 

The simplest annihilation channel for a sterino-antisterino pair 

(antisterino) (sterino) — > 7 (steron) (13) 
requires, due to the interaction (1), the total cross-section [1] 

^asto sto -> 7 stn) 2t; sto = A (J^j ( E * to + 2m 2 to ) (l - ||g-) (14) 

in the sterino-antisterino centre-of-mass frame, where E sto = a/ p s 2 to + m sto an d ^sto = 
|p sto |/i? s to are the sterino energy and velocity. Note that in contrast to one-physical-steron 
states, one-sterino states are stable under the interaction (1) of our photonic portal 
The more complicated annihilation channel 

(antisterino) (sterino) — > e + e~ (15) 

has the total cross-section [1] 
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^(astosto -> e+e ) 2v sto = — I — 1 ^ (16) 

in the sterino-antisterino centre-of-mass frame, if the electron mass is negligible. Here, 
the interaction (1) is applied together with the Standard Model electromagnetic coupling 
eip e 'y tJ- ip e A ll for electrons. 

The elastic scattering of electrons on sterinos, 

e~ (sterino) — > e~ (sterino) , (17) 
gets the differential cross-section [1] 

dcr(e-sto -> e'sto) _ / ef <y?> vac \ 2 1 + sin 2 jjf 

rffi e "\ j sin 2 f 1 j 

in the sterino rest frame: E sto = m sto , if the sterino recoils are neglected: E' sto ~ _E sto = 
m sto i.e., E'e m sto . Here, the interaction (1) is used together with the Standard Model 
electromagnetic coupling e%i) e ^^ip e A^ for electrons. The forward singularity in Eq. (18) 
is softer than in the corresponding Standard Model electron differential cross-section on, 
say, point-like protons, valid with E e m p (Mott cross-section [4]). 

The same formula (18) as for electrons scattered elastically on sterinos holds mutatis 
mutandis for elastic scattering of point-like protons on sterinos. This scattering is the 
simplest interaction between nuclei and cold dark matter composed of heavy sterinos, 
subject to possible direct detection experiments for cold dark matter [5]. Possible indirect 
detection experiments for cold dark matter [6] correspond to our previous formulae in this 
Section. 

2. Sterinos and the thermal freeze-out 

Our main question in the present paper is, what mass is required for sterinos in 
order that they may freeze out thermally in the early Universe, forming the cold dark 
matter observed today. To answer this question a number of tentative assumptions will 
be required. 

In the case of thermal freeze-out processes in the early Universe, the order-of-magnitude 
theoretical estimation for the relic dark-matter abundance has the form [7] 
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Qvuh 2 ~ , (19) 

<CannfDM> 

where <<J ann i'D]VE> denotes the thermal average of the dark-matter total annihilation cross- 
section multiplied by relative velocity, while h stands for the today's value of scaled Hubble 
parameter, h = 72 ± 3(stat) ± 7(syst)/100, where H = lOO/i km s^Mpc -1 . 
The WAMP experimental estimate for the relic dark-matter abundance is [7] 

n DM h 2 ~o.i. (20) 

Thus, Eqs. (19) and (20) lead to 

8 10 — 3 

< (T ajm V DM> ^ 3 X lO^CmV 1 ~ pb ~ -—72 (21) 

7r lev 

in the units where c = 1 and he — 1 (pb = 10~ 36 cm 2 ). The thermal-equilibrium ex- 
perimental value (21) happens to be consistent with the typical size of weak-interaction 
cross-sections, providing therefore a strong numerical argument for the weakly interacting 
massive particles (WIMPs) as candidates for cold dark matter (as well as for the thermal- 
equilibrium mechanism of their decoupling in the early Universe). Our sterinos are not 
introduced as WIMPs, and so their interaction strength ought to be estimated, after some 
magnitudes for the coupling constant /' and mass scale M are tentatively established. 

In the case of our model of cold dark matter consisting of sterinos interacting through 
the photonic portal, we can put approximately 

<Wdm ^ ^(asto sto - 7 stn)2t; sto = |- (J^j (£ 2 to + 2m 2 to ) (l - , (22) 

when we make use of the leading sterino-antisterino annihilation cross-section (14). We 
will imagine for simplicity that in the Universe there is no asymmetry between sterinos 
and antisterinos (no excess of either). 

If E sto ~ m sto {i.e., \p s to\/m sto < 1) and tentatively 

m stn ~ m sto , (23) 
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then Eq. (22) gives 



Thus, when the thermal-equilibrium experimental value (21) is accepted for sterino^ the 
formula (24) implies 

2 x 10 -3 / 2 2M 2 1 1 2M 2 1 . . 

- stn ~ m sto ~ — — — _ ^ __ _ , (25) 

since here <cr ann t>DM> — cr annt>DM as (J ann WDM depends only on S wave (see Eq. (24)). 
From Eq. (25) we can obtain the possible mass estimation 

m stn ~ m sto ~ 27 ^ TeV ~ 0.6 TeV , (26) 

if we put tentatively 

m sto ~ M and /' ~ 2e 2 /4 = e 2 /2 = 2/43.6 , (27) 

where e 2 /4ii = a = 1/137 (with / ~ e 2 /4, the estimate /' ~ e 2 /2 would be consistent 
with the sterile universality /:/':/"= 1 : 2 : 1; the factor 1/4 in / is suggested by the 
normalization of the term — {l/A)F llv F ,JjU in the Lagrangian). 

We can see that — with the sterino mass m sto as given in Eq. (25) or, possibly, Eq. 
(26) — the thermal-equilibrium decoupling mechanism (leading to the formula (19)) can 



tThen, < (Tann^DM >sto— pb — < (T aim w DM >wimp as well as (SlDM^ 2 )sto — 0.1 ~ (^dm/i 2 )wimp- 
This implies the necessary condition x/ 8 to — ^/wimp with Xf = jtodm/^/) in consequence of the 
basic formula for the relic dark-matter abundance (less approximate than (19)): S)dm^ 2 — 1-07 x 
10 9 x/ GeV^ 1 / (g* Mp\ < cr ann w DM >), being valid in this form when < Cann^DM > contains approx- 
imately only S wave (as in Eq. (24)) [7]. Here, 3} is the freeze-out temperature, g* denotes the 
total number of effectively relativistic degrees of freedom in the Standard Model thermal plasma at 
the time of freeze-out and Mpi = 1.22 x 10 19 GeV stands for the Planck mass. From the equation 
Xf = In [0.038 SfDMM P1 m DM < (T annfDM> /(g*Xf) 1/2 ] defining x s [7], we infer that Xf sto / Xf wimf - 1 + 
(l/2)ln(x/ s to/a;/wiMp)/^/WIMP — ln(g s toTO s to/gwiMpmwiMp)/£/ wimp, where #dm = ffsto or gwiMP 
counts internal degrees of freedom of sterino or WIMP. Then, from Xf s to/xf wimp - 1 we obtain 
the necessary condition | ln(g s t ro s to/<7wiMpWwiMp)/£/wiMp| ^ 1 f° r applicability of WIMP freeze- 
out formula (19) to our sterinos as the cold dark matter. Here, x/wimp — 25. Thus, for e.g. 
ffstoWtsto/gwiMpniwiMP = TO B to/mwiMP ~ 1 to 6 (taking mwiMP ~ 100 GeV and m sto ~ 0.1 to 0.6 
TeV, the estimate (26) as the upper limit of m sto ), we get \n(g sto m sto / gwiMP'mwiMp)/xf wimp ~ to 
0.07, what is <C 1 neatly. 
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work in the case of the sterino-antisterino pairs annihilating according to our cross-section 
(22). This statement is valid under the tentative assumptions of m stn ~ ^sto and, possibly, 
m sto ~ M and /' ~ e 2 /2. 



3. Conclusions and final remarks 

The picture emerging from our model (proposing sterinos and sterons as particles 
responsible for cold dark matter) looks as follows. Sterinos are stable under the interaction 
of our photonic portal, while physical sterons appear as unstable (they turn out to be 
also unstable on the Universe time-scale). For sterinos, the thermal-equilibrium freeze- 
out mechanism can work, if their mass is m sto ~ 0.6 TeV (with m stn ~ m sto ~ M and 
/' ~ e 2 /2 = 1/21.8). Thus, along the thermal option, sterinos interacting through the 
photonic portal may find a place among candidates for the observed cold dark matter. 

The strength of our quasi-magnetic interaction of sterinos, defined in Eq. (1) as f'/M 2 , 
is ~ e 2 /2M 2 ~ lO^/TeV 2 ^ 10~ 7 /GeV 2 , while for weak interactions the strength is given 
by the Fermi constant G F /y/2 = e 2 /(8M^ sin 2 9 W ) = 1.1664 x KT 5 /^ QeV 2 ) (he = 1) 
[10]. So, the ratio of both turns out to be ~ 10~ 2 . 

Note finally that the interaction of sterino-antisterino pairs with photons following 
from Eq. (1), where ip =<ip> vac +<^ p h, gets the effective magnetic-like form 

(^) ~ (^) F*» , (28) 

proportional to the sterino effective magnetic-like moment = e 2 <y?> vac /(2M 2 ) ~ 
10-^^vac /TeV 2 ~ 10- 7 <v?> vac /GeV 2 . 

If behind the effective interaction (1) there stood a new mediating antisymmetric ten- 
sor field A^ v (of dimension one) with the mass M, coupled to the total "tensor current" 
F^ u (f + i^Cfiutp, then the sterile universality /:/':/"= 1 : 2 : 1 would be realized in 
effective interactions of the photonic portal. In this case, the following extended electro- 
magnetic Lagrangian would work: 



C=-±F liV F'"'-j li A» + ± [(d x A^) (d x A^)-M 2 A^]-^f(F^ + i,a^) A^ , 

(29) 

giving two independent field equations for A^ and A^ v : 



d v {F^ + lyffipA^ = -f , (□ - M 2 ) = -2y[f (F^ip + $<t"» , (30) 

with = d^A v - d v A il and d v d v = -□). The first Eq. (30) has the form of HA* = 
— (j^ + Sj^), where = 2^/fd v {^pA lxv ), thus d^Sj^ = identically, showing that is a 
quasi-magnetic correction to the Standard Model electromagnetic current (so carries 
no gauge charge). If the momentum transfers through the field A^ u are approximately 
neglected i.e., A^ ~ (2^/f/M 2 )(F^(p + tjja^i/j) from the second Eq. (30), then Sj" ~ 
(Af/M 2 )d u [(p(F^ u ip + -ijjcr^ijj)] (see Eq. (4)). The first Eq. (30) can be also rewritten 
in the form of d v {F^ v + 5F flu ) = — j M , where 5F flu = 2y r f(pA flu is a quasi-magnetic 
correction to the Standard Model electromagnetic field F^ , giving d v 5F^ v = <5j M . If 
^ ~ (2y/f/M 2 )(F^(p + i>cr^ip), then <5F^ ~ (4f /M 2 )p(F^p + However, 
if we wanted to make this substitution for A' 1 " in the interaction term in Eq. (29), we 
should multiply that term by 1/2 because of the square operation. In the case of our 
tentative assumption / ~ e 2 /4, the coupling constant in the new universal interaction of 
ip, ip and with A^ v in Eqs. (30) would be 2 a/7 ~ e (it might be even = e). 

It is still possible, however, that — in reality — there is no direct interaction portal 
to the sterile world. In such a puristic option the sterile world can communicate with 
the Standard Model world only through gravity. Then, only gravitons and, perhaps, 
also dilaton-like scalar and/or axion-like pseudoscalar partners of gravitons [8, 9] can 
mediate between both worlds as well as within the sterile world itself. Such an "isolated" 
sterile world still may be responsible for the fundamental phenomenon of cold dark matter 
(which, in this case, is not detectable "directly" nor "indirectly" in the technical sense 
used previously in this paper). Perhaps, spin-0 partners of gravitons may provide a 
gravitational interpretation of the equally fundamental phenomenon of dark energy. 
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